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In Vivo Imaging Demonstrates ATP Release from
Murine Keratinocytes and Its Involvement in
Cutaneous Inflammation after Tape Stripping
Toshiya Takahashi1, Yutaka Kimura1, Kazuki Niwa2, Yoshihiro Ohmiya3, Taku Fujimura1, Kenshi Yamasaki1
and Setsuya Aiba1
Adenosine 50-triphosphate (ATP) release from keratinocytes has been observed in various stress models in vitro,
but studies demonstrating epidermal ATP release in vivo are limited. To visualize extracellular ATP (eATP) in vivo,
we developed enhanced green-emitting luciferase immobilized on agarose beads (Eluc-agarose). Subcutaneous
injection of Eluc-agarose together with ATP into the dorsal skin of BALB/c mice following intraperitoneal luciferin
injection produced detectable and measurable bioluminescence using an in vivo imaging system. Using Eluc-
agarose, we demonstrated in vivo that bright bioluminescence was observed from 1 to 20minutes after repeated
tape stripping of murine skin. This bioluminescence was suppressed by the local administration of apyrase.
Eluc-agarose bioluminescence was observed only in tape-stripped skin with transepidermal water loss (TEWL)
between 100 and 140gm2h 1, indicating a loss of bioluminescence with excessive tape stripping
(TEWL4140gm 2 h 1). Histologically, tape-stripped skin with detectable eATP had a viable epidermis and a
subepidermal neutrophil infiltrate, and administration of apyrase reduced the inflammatory infiltrate. Neither a
viable epidermis nor an upper dermal neutrophil infiltrate was observed after excessive tape stripping. These
results suggest that tape stripping prompts ATP release from viable keratinocytes, which facilitates inflammatory
cell migration. Eluc-agarose may be useful in the in vivo detection of eATP in murine models of skin diseases.
Journal of Investigative Dermatology (2013) 133, 2407–2415; doi:10.1038/jid.2013.163; published online 9 May 2013
INTRODUCTION
Tape stripping of the stratum corneum (SC), a long-standing
technique used in dermatology research to induce epidermal
damage, disrupts the cutaneous epithelial barrier and induces
various biological responses in the skin. For instance, it
significantly affects the terminal differentiation of keratinocytes
(de Koning et al., 2012) and increases epidermal DNA
synthesis (reviewed by Man et al. (1999)) as part of the
homeostatic repair response in the epidermis. Tape stripping
also induces the production of a specific array of inflammatory
cytokines from keratinocytes, such as tumor necrosis factor-a,
IL-8, IL-10, TSLP, IL-33, transforming growth factor-b,
IL-1a, vascular endothelial growth factor, IL-1b; endothelial
adhesion molecules such as E-selectin and vascular cell
adhesion molecule-1 (Wood et al., 1992; Nickoloff and
Naidu, 1994; Wood et al., 1996; Elias et al., 2008; Dickel
et al., 2010; Oyoshi et al., 2010); chemokines (Onoue et al.,
2009); and anti-bacterial peptides (Aberg et al., 2008; Glaser
et al., 2009). Furthermore, tape stripping induces Langerhans
cell maturation (Takigawa et al., 2001) and migration from the
epidermis to the draining lymph nodes (Holzmann et al.,
2004). Recently, it has been reported that tape stripping
recruits plasmacytoid dendritic cells in addition to
neutrophils to the skin (Guiducci et al., 2010).
In addition to inducing mild epidermal injury and inflam-
mation, tape stripping has been used to precipitate disease in
mouse models of chronic eczematous dermatitis (Matsunaga
et al., 2007), psoriasis (Sano et al., 2005), atopic dermatitis (Jin
et al., 2009), and lupus erythematodes (Guiducci et al., 2010).
Moreover, it is well known that tape stripping is effective in
inducing Koebner phenomenon in psoriatic patients (reviewed
by Weiss et al., 2002).
Despite the well-documented use of tape stripping to
disrupt the epidermal barrier, the mechanism underlying the
biological responses caused by tape stripping remains unclear.
It is possible that "endogenous danger signals" or "damage-
associated molecular patterns" (DAMPs)—host molecules
involved in potentiating the immune response against
danger (reviewed by Willart and Lambrecht (2009))—may
be responsible for the responses seen after tape stripping.
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The following molecules, among others, have been identified
as DAMPs: adenosine 50-triphosphate (ATP), heat shock pro-
teins, hyaluronan, monosodium urate, galectins, thioredoxin,
adenosine, high-mobility group box protein 1, IL-1a, and IL-33
(reviewed by Hirsinger et al., 2012). In this study, we focused
on the role of extracellular ATP (eATP) in the cutaneous
response after tape stripping.
ATP is a ubiquitous carrier of chemical energy and a
building block of genetic material in all living organisms
(reviewed by Brake and Julius (1996)), and transient increases
in eATP occur during cell-to-cell communication in the
nervous, vascular, and immune systems (reviewed by
Burnstock, 2007). In healthy tissues, cellular release of ATP
is tightly regulated and their concentrations are kept low by
eATP/ADPases (Kaczmarek et al., 1996; Picher et al., 2003). In
damaged tissues, ATP is released from injured cells to initiate
inflammation and to amplify and sustain cell-mediated
immunity through P2 receptor–mediated purinergic signaling
(Bours et al., 2006). In particular, ATP is an essential danger
signal as it leads to IL-1b and IL-18 secretion by activating
inflammasomes (reviewed by Vitiello et al., 2012).
Keratinocyte release of ATP has been observed in vitro in
various settings, such as exposure to UV light (Takai et al.,
2011), g-ray (Tsukimoto et al., 2010), mechanical stimulation
(Koizumi et al., 2004), and in hypo-osmotic shock (Azorin
et al., 2011). To the best of our knowledge, eATP in the
skin has been demonstrated in vivo only in murine allergic
contact dermatitis (Weber et al., 2010) and in graft-versus-
host-disease (Wilhelm et al., 2010) using HEK293-pmeLUC
cells expressing plasma membrane–targeted luciferase
(Pellegatti et al., 2005).
In the present study, we developed cell-free, enhanced
green-emitting luciferase immobilized on agarose beads (Eluc-
agarose) to enable visualization of eATP in vivo, thus avoiding
artifacts from using live cells with plasma membrane–targeted
luciferase. Using Eluc-agarose, we demonstrated that mechan-
ical skin barrier disruption releases eATP from viable epider-
mal keratinocytes, which facilitated the migration of
inflammatory cells into the dermis.
RESULTS
Generation of luciferase beads and evaluation of
bioluminescence
To visualize eATP in vivo, we developed Eluc-agarose using
Ni-NTA Superflow (Figure 1a). In vitro luminescence experi-
ments of Eluc-agarose mixed with luciferin and various
concentrations of ATP showed that in the first 30 minutes after
addition of ATP, the bioluminescence of the mixture was
dependent on the ATP dose (Figure 1b). Next, when we
injected Eluc-agarose mixed with 0.1, 1, or 10 mM of ATP
following intraperitoneal luciferin injection, only Eluc-agarose
mixed with 10 mM ATP produced bright bioluminescence
while mixtures with 0.1 or 1 mM ATP produced weak and
inconsistent bioluminescence (Figure 1c and d).
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Figure 1. In vivo imaging of subcutaneously injected adenosine 50-triphosphate (ATP) using Eluc-agarose. (a) Pictorial representation of green-emitting luciferase
immobilized on agarose beads (Eluc-agarose). (b) Fifty microliters of Eluc-agarose and 50ml of d-luciferin were mixed with 100ml of different concentrations
(0.1, 1, and 10 mM) of ATP, and the luminescent signal was measured using the In Vivo Imaging System (IVIS). (c) Eluc-agarose mixed with 0.1, 1, or 10 mM of ATP
was subcutaneously injected into dorsal murine skin following intraperitoneal luciferin injection, and luminescence was visualized using IVIS. The color scale on
the right-hand side shows the range of signal intensity in photons per second at the surface of the animals. A representative picture from five independent
experiments is shown. (d) Graph of bioluminescence intensity versus concentration of exogenous ATP. Data (mean±SD) from five mice are shown. Statistical
significance was calculated using one-way analysis of variance test followed by a Dunnett’s post test compared with the control group. PBS, phosphate-buffered
saline.
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In vivo imaging of eATP in murine skin after tape stripping
As Eluc-agarose can be used to visualize at least 10 mM of
eATP in vivo, we next examined whether barrier disruption by
tape stripping causes ATP release in murine skin. When
transepidermal water loss (TEWL) was measured at various
times after repeated tape stripping of the dorsal skin of mice, it
was found that TEWL correlated with the number of times tape
stripping was performed, but the TEWL value could not be
accurately predicted by the number of tape stripping repeats
(Figure 2a). Therefore, we used the TEWL value as an indicator
of the degree of epidermal barrier disruption after tape
stripping. When TEWL measurement was performed along
with eATP visualization at 2- to 5-minute intervals after tape
stripping up to 30 minutes, bright Eluc-agarose biolumines-
cence was observed only when TEWL was in the range of
100–140 g m2 h1, with no detectable bioluminescence
when TEWL was eithero100 g m2 h1 or 4140 g m 2 h 1
(Figure 2b and c). The maximum bioluminescence detected
after optimum tape stripping was significantly different from
that of intact skin (Figure 2b). Thus, optimum tape stripping/
barrier disruption is required to detect the release of eATP
using in vivo imaging with Eluc-agarose. Furthermore, biolu-
minescence was detectable 1 minute after optimum tape
stripping and started to diminish 15 minutes later (Figure 2d
and e). To exclude the possibility that a loss of activity of Eluc-
agarose or luciferin caused the diminished bioluminescence,
we injected subcutaneous Eluc-agarose and intraperitoneal
luciferin 30 minutes after tape stripping, but the biolumines-
cence was not restored (data not shown). However, an
injection of exogenous ATP resulted in bioluminescence lasting
at least 3 hours after a single subcutaneous injection of Eluc-
agarose if the luciferin injection was repeated (data not shown).
Histological correlation with eATP bioluminescence
Next, we examined the histopathological changes 24 hours
after tape stripping to examine the biological effects of eATP in
the tape-stripped skin. No significant histological difference
was observed between intact and tape-stripped skin, with a
TEWLo100 g m2 h 1, and there was no detectable biolu-
minescence (Figure 3a and b). Tape-stripped skin with a TEWL
of 100–140 g m 2 h 1 and bright bioluminescence showed
considerable accumulation of inflammatory cells in the SC, a
viable epidermis and a dense subepidermal inflammatory
infiltrate (Figure 3c and d). In contrast, tape-stripped skin with
a TEWL4140 g m 2 h1 and no detectable bioluminescence
showed no inflammatory cells in the SC, a necrotic or
denuded epidermis, and a sparse inflammatory infiltrate in
the superficial dermis and moderate inflammation in the deep
dermis (Figure 3e). Most of the infiltrating cells in the SC and
superficial dermis were polymorphonuclear cells (PMNs), as
demonstrated by hematoxylin–eosin and immunohistochem-
ical staining with anti-Ly6G antibody (Figure 3f).
Inhibitory effect of subcutaneously injected apyrase
As tape stripping may result in the release of DAMPs other
than ATP, we investigated whether a reduction in ATP
attenuates the luminescent signal and accompanying histolo-
gical changes by injecting apyrase (adenosine diphosphatase)
30 minutes before tape stripping. Subcutaneous injection of
apyrase before optimum tape stripping suppressed the biolu-
minescence (Figure 4a and b) and significantly reduced the
corneal and subepidermal inflammatory infiltrate compared
with control skin subcutaneously injected with phosphate-
buffered saline (Figure 4c, d, and e).
Chemokine messenger RNA expression in the skin after optimum
tape stripping and its suppression by subcutaneous injection of
apyrase
As PMNs are recruited to the skin after optimal tape stripping
and we previously reported that ATP induced CXCL1, -2, and -
3 messenger RNA (mRNA) by human epidermal keratinocytes
in vitro (Ohara et al., 2010), we examined the expression
CXCL1, -2, and -3 mRNA together with another neutrophil
chemokine, CXCL5, in tape-stripped murine skin with or
without prior subcutaneous injection of apyrase (Figure 5).
The mRNA expression of CXCL1, -2, and -3, but not CXCL5,
was elevated in tape-stripped skin compared with intact skin,
while this phenomenon was not observed after excessive tape
stripping. Subcutaneous administration of apyrase diminished
the high mRNA levels of CXCL1, -2, and -3 seen after
optimum tape stripping. These findings suggest that keratino-
cyte release of eATP after tape stripping stimulates the
production of chemokines in an autocrine manner that leads
to PMN recruitment to the skin.
Neutrophil recruitment and chemokine mRNA expression after
subcutaneous injection of exogenous ATP and ATP analog
Next, we examined the effect of subcutaneous injection of
ATP and adenosine 5’-(g-thio)triphosphate (ATPgS), a hydro-
lysis-resistant ATP analog, on neutrophil recruitment and
chemokine mRNA expression. Cutaneous injection of 10 mM
ATP or ATPgS significantly augmented CXCL1, -2, and -3
chemokine mRNA expression 6 hours after injection, and
cutaneous neutrophil recruitment was evident histologically
24 hours after injection (Supplementary Figures S1 and S2
online). However, it was noted that the magnitude of the
increase in mRNA expression and the degree of neutrophil
infiltration were smaller than those seen after tape stripping,
possible due to insufficient diffusion of subcutaneously
injected ATP into the epidermis or rapid degradation.
DISCUSSION
In this study, we demonstrated that Eluc-agarose could be
used to visualize eATP in murine skin in vivo. Previously,
in vivo imaging of eATP was conducted by using HEK293-
pmeLUC cells expressing plasma membrane–targeted lucifer-
ase (Pellegatti et al., 2005). Despite its success in
demonstrating eATP in murine allergic contact dermatitis
(Weber et al., 2010) and graft-versus-host-disease (Wilhelm
et al., 2010), this method has drawbacks, including the
necessity of cell culture, and the unknown effects of the cell
graft on its host environment. In contrast, Eluc-agarose is a
cell-free system, which avoids the unknown effects of injected
cell-based luciferase.
Recent evidence suggests that cells subjected to stress,
injury, or those undergoing necrosis secrete various DAMPs;
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Figure 2. In vivo imaging of extracellular adenosine 50-triphosphate (eATP) after tape stripping using Eluc-agarose. (a) Transepidermal water loss (TEWL)
positively correlates with the number of times of tape stripping. Each line represents data from one animal, and one representative experiment is shown. (b) Bright
Eluc-agarose bioluminescence was observed at the site of tape-stripped skin with a TEWL between 100 and 140 g m2 h 1, while no bioluminescence was
detected if TEWL was either o100 g m2 h 1 or 4140 g m 2 h1. The image is representative of data from five mice showing similar results. (c) Graph of
bioluminescence intensity versus TEWL after tape stripping. Data (mean±SD) from five mice are shown. Statistical significance was assessed using Student’s
t-test. (d) Time course of eATP bioluminescence after tape stripping. Images are from the same mouse and are representative of data from five mice. (e) Time
course of the bioluminescence intensity from five mice after tape stripping.
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thus, we focused on ATP as a representative DAMP molecule
in this study. Although ATP release from the organ culture of
tape-stripped skin has been reported (Denda et al., 2002), to
the best of our knowledge, eATP in vivo after tape stripping
was previously unreported. Using in vivo imaging, it was
found that eATP is present in murine skin 1–20 minutes after
tape stripping. As the mixture of Eluc-agarose and 10 mM
ATP solution—but not 1 mM ATP—produced consistent and
significant bioluminescence (i.e., 45.0 106 photons
per second), the maximum concentration of eATP in the skin
after tape stripping was estimated to be B10 mM as
45.0106 photons per second were detected. Unfortunately,
Eluc-agarose mixed with 1 mM ATP did not produce consistent
and bright bioluminescence in vivo, although the same
mixture emitted 1.0 107 photons per second in vitro. This
difference might be due to the rapid diffusion of ATP mixed
with Eluc-agarose, hydrolysis of ATP by ecto-ATPase, or low
penetration of bioluminescence through the skin. We are
currently modifying the procedures to improve the sensitivity
of the detection method. If we consider either rapid diffusion
of ATP or hydrolysis of ATP as possible reasons, the maximum
concentration of eATP after tape stripping might be o10 mM.
It was found that an optimum number of times of tape
stripping was necessary to induce detectable eATP in our
system, namely, eATP was undetectable if tape stripping
resulted in a TEWL o100 g m2 h1 or 4140 g m2 h1.
Not surprisingly, eATP was undetectable in tape-stripped skin
with a TEWL of o100 g m2 h1, suggesting that mild stress
or injury was unable to cause detectable release of eATP from
keratinocytes. Unexpectedly, excessive tape stripping did not
cause detectable release of eATP in the skin. Considering that the
epidermis of tape-stripped skin with a TEWL 4140g m2 h 1
was almost completely denuded, it suggests that eATP could
not be produced in the absence of keratinocytes.
Tape-stripped skin with a TEWL between 100 and
40 g m 2 h1 and bright bioluminescence on imaging
showed a greater accumulation of inflammatory cells in the
SC and dermis than tape-stripped skin with a TEWL
4140 g m2 h1 and no bioluminescence on imaging. In
addition, the latter had a sparse inflammatory cell infiltrate in
the superficial dermis. These results suggest that eATP induced
by tape stripping has a role in recruiting inflammatory cells to
the SC and dermis. Furthermore, subcutaneous injection of
apyrase significantly reduced the inflammatory cell infiltrate in
the SC and dermis of tape-stripped skin with a TEWL between
100 and 140 g m2 h 1, which confirms the role of eATP in
the cutaneous inflammation of tape-stripped skin. To further
examine the role of purinergic receptors, we injected a wide
spectrum P2 receptor antagonists, suramin, and pyridoxal-
phosphate-6-azophenyl-20, 40-disulfonic acid (Burnstock,
2007) to the skin 10 minutes before tape stripping. However,
we could not detect any significant reduction of the
inflammatory cell infiltrate (data not shown). The exact
reason is unclear, although we speculated that, as our results
showed that B10 mM ATP is present for 410 minutes after
tape stripping, rapid diffusion of suramin or pyridoxal-
phosphate-6-azophenyl-20, 40-disulfonic acid might result in
levels that were insufficient in suppressing the effects of ATP.
Multiple pathways other than cell lysis participate in ATP
release (reviewed by Lohman et al. (2012)), including
vesicular exocytosis, ATP-binding cassette transporters,
connexin hemichannels, and pannexin channels. Recently, it
has been demonstrated that ATP is released from dying cells
through pannexin channels during apoptosis (Chekeni et al.,
2010). It is conceivable that tape stripping induces cell death
in the upper epidermis, resulting in ATP release through the
above-mentioned mechanism, but the mechanism of
keratinocyte cell death after tape stripping and the pathways
of ATP release remain to be elucidated.
It is known that ATP and ADP are rapidly cleared while
passing through the vascular bed despite their slow meta-
bolism in blood. This is due to the presence of ecto-ATPases,
ecto-apyrase, and 50-nucleotidase activity on the luminal
surface of endothelial cells (reviewed by Schwiebert and
Kishore, 2001). Therefore, it is difficult to envisage that eATP
or its metabolites directly recruit PMNs into the skin. We
hypothesized that eATP may act indirectly by stimulating the
production of chemokines; therefore, we examined the mRNA
expression of CXCL1, -2, -3, and -5, which are representative
neutrophil chemokines (Hamilton et al., 2012), in the tape-
stripped skin. The results clearly demonstrated that optimum
tape stripping significantly augmented CXCL1, -2, and -3, but
not CXCL5, mRNA in the skin. However, the relative increase
in chemokine mRNA was not observed after excessive tape
0.1 mm
Figure 3. Histological features of tape-stripped skin with different
transepidermal water loss (TEWL) values. Histology of (a) intact skin, (b) tape-
stripped skin with TEWL ofo100 g m 2 h1, (c, d) 100–140 g m 2 h1, and
(e) 4140 g m2 h 1 was examined by hematoxylin–eosin staining.
Bars¼ 100mm. (f) Immunohistochemical staining of tape-stripped skin
with TEWL between 100 and 140 g m2 h1 using anti-Ly6G antibody.
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stripping, possibly due to the lack of ATP as a result of
excessive loss of keratinocytes.
Tape stripping is a well-known mechanical stimulus
that can efficiently induce the Koebner phenomenon in
psoriatic patients. Other stimuli such as trauma, bacillus
Calmette–Gue´rin vaccination, drug reactions and dermatoses
may also cause the Koebner phenomenon (reviewed by
Weiss et al., 2002). It has reported that a patient reacting
to one experimental stimulus can react to other
Koebner phenomenon–inducing stimuli (Pedace et al., 1969).
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Thus, multiple stimuli that induce the Koebner phenomenon
may have common signaling molecules, with DAMP being a
likely candidate. Several studies suggest the crucial role of the
epidermis in the induction of the Koebner phenomenon.
Farber et al. (1965) demonstrated that a dermal knife blade
injury could not induce the Koebner phenomenon except at
the entry point of the knife where epidermal injury had also
occurred. Similarly, dermal injections of various potent
inflammatory stimulators or catgut suture implantation failed
to provoke any psoriatic reaction. In this study, we
demonstrated that tape stripping induced keratinocyte-
derived eATP in the skin, which participated in the
recruitment of PMNs. These observations suggest that eATP
is one of the triggering factors for psoriasis.
In conclusion, our study showed that Eluc-agarose enables
visualization of eATP in vivo. As eATP is a DAMP released in
various inflammatory skin diseases and after various physical
and chemical insults to the skin, we envisage that Eluc-agarose
will be a useful tool in elucidating the role of eATP in the
pathogenesis of various skin disorders.
MATERIALS AND METHODS
Eluc-agarose
Eluc-agarose was made of a beetle luciferase and Ni-NTA Superflow
resin (Qiagen, Valencia, CA). In brief, an expression vector was
designed to produce N-terminal 6 histidine-tagged Eluc protein
(TOYOBO, Osaka, Japan) without the methionine of the original start
codon using pCold II expression vector (Takara Bio, Otsu, Japan) and
transfected into BL21 Star (DE3) competent cell, followed by
recombinant protein production according to the manufacturer’s
instructions of pCold. Purification was performed using Ni-NTA
agarose (Qiagen). A total of 4 ml of Ni-NTA Superflow slurry was
washed with washing buffer (50 mM sodium phosphate (pH 7.0),
300 mM sodium chloride, and 10 mM imidazole). A total of 17 mg of
the purified 6 His-tagged Eluc was mixed with the resin and
washed with washing buffer (50 mM sodium phosphate (pH 7.0),
300 mM sodium chloride, and 20 mM imidazole) to obtain Eluc-
agarose (0.24 mg of Eluc ml 1).
Mice
All mice were handled according to the Regulations for Animal
Experiments and Related Activities at Tohoku University. All animal
experiments were approved by the ethics committee of Tohoku
University. Female BALB/c mice aged 8–12 weeks were purchased
from the Charles River Laboratories Japan (Yokohama, Japan). The
dorsal hair of mice was shaved 1 day before experimentation.
Evaluation of Eluc-agarose for in vivo imaging
To examine whether Eluc-agarose can produce luminescence in the
presence of luciferin and ATP, we mixed 50ml of Eluc-agarose, 50ml
of D-luciferin (Summit Pharmaceuticals International, Tokyo, Japan),
and 100ml of different concentrations (0.1, 1, and 10 mM) of ATP
(Amersham Biosciences, Buckinghamshire, UK), and measured the
luminescent signal using the In Vivo Imaging System (Xenogen,
Alameda, CA). Next, to assess whether Eluc-agarose can be used to
detect eATP in mice, we tested whether subcutaneous Eluc-agarose
produces significant luminescence in response to exogenous ATP. In
brief, we injected 150 mg kg 1 body weight (15 mg ml 1 luciferin) of
the substrate d-luciferin into the peritoneal cavity of mice, followed
by 100ml injections of Eluc-agarose with various concentrations of
ATP into the dorsal skin of mice 10 minutes later, and in vivo imaging
was performed immediately afterwards.
In vitro and in vivo imaging
Luminescence was visualized using the In Vivo Imaging System. The
luminescent signal is expressed in photons per second and displayed
as an intensity map using Living Image software (Xenogen). The
image display is adjusted to provide optimal contrast and resolution
in the image without affecting quantitation. For the detection of
luminescence, mice were anesthetized with isoflurane/oxygen using
the integral anesthetic manifold.
Barrier disruption
The permeability barrier was disrupted by tape stripping. Immediately
after the peritoneal injection of d-luciferin, tape stripping of the dorsal
murine skin was performed several times using cellophane tape
(Nichiban, Tokyo, Japan) and barrier disruption was assessed by
measuring TEWL immediately after tape stripping. TEWL was mea-
sured using Model H4300 (Nikkiso-YSI, Tokyo, Japan). To examine
luminescence after barrier disruption by tape stripping, 150 mg kg 1
body weight (15 mg ml 1 luciferin) of the substrate d-luciferin was
injected into the peritoneal cavity of mice, and 10 minutes later,
100ml of Eluc-agarose was subcutaneously injected into the dorsal
skin and eATP was visualized by in vivo imaging. In some experi-
ments, 5 units of adenosine diphosphatase (Apyrase, Sigma-Aldrich,
St Louis, MO) in 50ml phosphate-buffered saline was injected
30 minutes before tape stripping.
Cutaneous injection of ATP and ATP analog
To ascertain that ATP release caused by tape stripping is crucial for
continual PMN recruitment, we injected 100ml of 10 mM ATP or
ATPgS (Sigma-Aldrich), a non-hydrolyzed ATP analog resistant to
protein phosphatases, to mice skin without tape stripping. The dorsal
skin of mice was excised at 6 and 24 hours after injection for RNA
isolation and for histology, respectively.
Histology and immunohistochemistry
The dorsal skin of mice were excised at various time periods after tape
stripping, fixed in 10% formaldehyde in phosphate-buffered saline,
and embedded in paraffin. Formalin-fixed, paraffin-embedded tissue
samples were sectioned at a thickness of 4mm, deparaffinized, and
subjected to either hematoxylin and eosin staining or immunohisto-
chemistry. To detect the infiltration of neutrophils, deparaffinized
sections quenched with 3% H2O2 in methanol were stained with a
1/100 dilution of the anti-Ly6G antibody (Abcam, Cambridge, UK)
using ATP-binding cassette staining system (Santa Cruz Biotechno-
logy, Santa Cruz, CA) according to the manufacturer’s instruction.
Diaminobenzidine tetrahydrochloride (Wako Pure Chemicals, Osaka,
Japan) was used as a peroxidase substrate and slides were counter
stained with Mayer’s hematoxylin solution (Fisher Scientific, Fair
Lawn, NJ).
In experiments that examined the effect of subcutaneous injection
of apyrase, the length of the entire skin biopsy, as well as the length of
the inflamed section of skin with either corneal or subepidermal PMN
infiltration, was measured using ImageJ software (http://rsbweb.nih.
gov/ij/). The length of the inflamed section was divided by the length
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of the entire skin biopsy to obtain a ratio. Both sides (10%) of the
biopsy were excluded from the calculation.
RNA isolation
Dorsal murine skin was collected 6 hours after tape stripping, frozen
with liquid nitrogen, and then crushed with Cryo-Press (MICROTEC,
Chiba, Japan). Total RNA was extracted using ISOGEN (NIPPON
GENE, Tokyo, Japan) according to the manufacturer’s instructions.
Total RNA concentration was measured using Nanodrop spectro-
photometer (Thermo Fisher Scientific, Wilmington, NC).
Quantitative real-time PCR
Complementary DNAs were synthesized using TaKaRa RNA PCR Kit
(AMV) (Takara Bio) according to the manufacturer’s instructions.
Quantitative real-time PCR was performed using the Mx3000p QPCR
System (Stratagene, Agilent Technologies Division, Santa Clara, CA).
Forward and reverse primers and TaqMan probes were selected using
the TaqMan Gene Expression Assay Search (Applied Biosystems,
Foster City, CA) and are listed in Supplementary Table S1 online.
Quantitative PCR reaction mixtures (total volume 20ml) contained
10 ng of template complementary DNA, 400 nM of forward and
reverse primers, 60 nM TaqMan probe, and 30 nM ROX and Brilliant
III Fast QPCR Master Mix (Stratagene). The thermal cycling conditions
were: 3 minutes for polymerase activation and complementary DNA
denaturation at 95 1C, and 45 cycles of 95 1C for 5 seconds and 60 1C
for 20 seconds. Constitutively expressed b-actin served as a normal-
ization control using the DDCt method (Livak and Schmittgen, 2001).
Statistics
Representative data from at least three independent experiments are
shown for each set of experiments. Values are presented as
mean±SE. Statistical significance was analyzed using Student’s t-test
or one-way analysis of variance test and P-values p0.05 were
considered statistically significant.
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